A gene from Bacillus thuringiensis subsp. kurstaki that codes for a Lepidoptera-specific insecticidal toxin (delta-endotoxin) was engineered for expression in Bacillus subtilis. A low-copy-number plasmid vector that replicates in Escherichia coli and B. subtilis was constructed to transform B. subtilis with gene fusions first isolated and characterized in E. coli. Naturally occurring promoter sequences from B. subtilis (43, veg, ctc, and spoVG) were inserted upstream from the plasmid-borne structural gene. In the most prolific case, when the sporulation-specific spoVG promoter was fused to the heterologous toxin gene, the toxin product accumulated during postexponential growth to >25% of the total cell protein. However, the resulting specific activity of the insecticidal toxin product was not commensurate with the abundance of the protein.
Naturally occurring insecticidal toxins may prove valuable in the future for control of agricultural pests and vectors of human disease. A group of related insecticidal protein toxins (delta-endotoxins) are synthesized by bacterial subspecies of Bacillus thuringiensis (for recent reviews, see references 2 and 29). The toxin-coding genes have been cloned into heterologous hosts with the intent to increase toxin yield, to change the species range of the protein, or to express the gene directly in plants.
Three related genes that code for crystal toxins of B. thuringiensis have been cloned and expressed in B. siubtilis.
These are the crystal protein genes of B. thitringiensis subsp. berliner 1715 (15) and B. thuringiensis subsp. kur.staki HD73 (5) and the "6.6" gene of B. thiuringiensis subsp. kurstaki HD1 (26) . The "1715" gene was carried by multicopy plasmid pHV33, and toxin accumulated only after the end of vegetative growth and at a low level, detectable by immunoassay. The "HD73"gene was inserted into the bacterial chromosome as a few copies, or alternatively as 10 to 20 tandem copies. The toxin accumulated to <5% of the total cell protein and primarily during postexponential growth. However, for the construction with many tandem copies of the gene, some synthesis was also detected during vegetative growth. The "6.6" gene was carried by multicopy plasmid pBD64, and the product accumulated during both vegetative and postexponential growth. 
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used for this study are listed in Table 1 . E. coli and B. slibtilis were grown in LB medium (19) or on LB solidified with 1.5% (wt/vol) agar (Difco Laboratories). For time course experiments, we used Schaeffer sporulation medium (24) . Antibiotics were added to select for plasmid maintenance: ampicillin, 40 p.g/ml; tetracycline, 10 p.g/ml; chloramphenicol, 20 pLg/ml; and kanamycin, 10 p.g/ml.
Isolation of plasmid DNA, restriction enzyme analysis, and gene cloning. Plasmid DNA was isolated from E. coli by the alkaline lysis procedure and purified by equilibrium sedimentation in gradients of CsCl containing ethidium bromide (19 Measurement of insecticidal toxicity. Larvae of Trichoplusia ni were fed an artificial diet containing lysates of bacterial cultures. Cell samples were lysed by freeze-thawing in 10 mM Tris hydrochloride (pH 8)-i mM EDTA-egg white lysozyme (1 mg/ml). Pancreatic DNase (10 ,ug/ml) was added to reduce viscosity. The assay protocol and insect propagation methods were adapted from those of Dulmadge et al. (10) . We placed 10 second-instar larvae in a covered cup containing about 20 ml of diet. The assays were scored after 4 to 6 days for mortality and weight change as a function of dose.
RESULTS
Plasmid vector construction and cloning of the crystal toxin gene. A plasmid cloning vector was constructed so that recombinant genes assembled in E. coli could be readily transferred to and stably maintained in B. subtilis at lowto-moderate copy number. This shuttle plasmid was named pSY228 and is diagrammed in Fig. 1 . Our starting material was plasmid pJH101 (12) , which has the chloramphenicol resistance gene of plasmid pC194 (11) Because the target plasmid pSY244 contained two other NdeI sites, we ligated promoter fragments to a partial digest of pSY244 DNA and screened for the correct insert position and orientation (a one-in-six likelihood). Four naturally occurring promoters from B. subtilis were tested for insertion into the NdeI site. They are listed in Fig. 1 . The first promoter, 43, was obtained from plasmid pGR71-43 (14) as a Hindlll fragment of about 470 base pairs. Promoter 43 in pGR71-43 expresses an adjacent heterologous chloramphenicol resistance gene constitutively at levels exceeding a random set of 18 other cloned sequences from B. subtilis (13) . The second cloned promoter, veg, is recognized by the major vegetative form of RNA polymerase (with sigma factor 43, formerly sigma 55) and was obtained as a HindlIlBamHI fragment from plasmid pMS530 (21) . The veg promoter is also active in nutrient-starved cells. The third B. subtilis promoter, ctc, is transcribed at the end of exponential growth by a secondary form of RNA polymerase that includes the sigma-37 factor (27) . The ctc gene is not classified as a sporulation gene, and induction is not dependent on the spoO loci. The ctc fragment was obtained from cloned DNA carried by plasmid pMI798 (27) . The last promoter, spoVG, is like ctc in one respect: it also is induced at the end of exponential growth. However, transcription uses the sigma H (sigma-30) factor (6) , and spoVG expression is required for sporulation and depends on functional spoO loci for activation (25) . The spoVG promoter was subcloned from plasmid pCB1291 (23) as a HindIII-EcoRI fragment of 217 base pairs.
Growth cycle-dependent expression of the crystal toxin gene. Expression of the toxin gene from each promoter fusion described above was detected by separating the cellular proteins by electrophoresis and staining with Coomassie blue dye (16) . For each construction, samples containing an equal number of cells were taken at successive times from cultures growing in sporulation medium. The maximum for accumulation with each construction was judged visually from the density and width of the Coomassiestained protein bands. 1168 (upper) , spoOA (middle), and spoOH (lower). The protein contents from samples of equivalent cell number were separated by polyacrylamide gel electrophoresis and stained with Coomassie blue dye. The induced 130-kDa toxin protein is the heavily stained species located about 40% from the top of each gel section. Lanes (time after inoculation, in hours): 1 (2), 2 (2.75), 3 (3.5), 4 (4.25), 5 (5), 6 (6), 7 (7), 8 (8), 9 (9), 10 (10), 11 (11) , and 12 (21) .
was less for each mutant host compared with the wild-type strain 1168.
Toxicity to T. ni larvae. Samples taken at different time points were assayed for toxicity to insect larvae. Qualitatively, the degree of toxicity paralleled the increase in the amount of the 130-kDa protein during postexponential growth and the subsequent disappearance of the protein at the latest sampling time. However, we were surprised to discover that the large amounts of toxin protein accumulated in B. subtilis with the spoVG promoter did not lead to a comparable toxicity to T. ni larvae. Similar results (not shown) were obtained with these same test samples by an independent laboratory with two other species: Heliothis virescens (tobacco budworm) and Manduca sexta (tobacco hornworm). We compared samples of cultures of B. subtilis 1168 carrying recombinant plasmids with Dipel, a commercial wettable powder (Abbott lot 38, 0018J). The amount of toxin accumulated within the cells at the time of harvest was as shown in Fig. 2 . The test samples were incorporated into the agar-based insect diet and fed to larvae, and average insect weight and mortality were recorded. The results of a representative experiment are given in Table 2 . Although there was fivefold more toxin protein in the spoVG-toxin sample compared with the 43-toxin sample, we found only a small (twofold at best) difference in our measure of toxicity, while at the same time Dipel was considerably more toxic than either. We determined that about 1% by weight of the Dipel powder was the 130-to 135-kDa toxin protein by electrophoresing measured amounts in polyacrylamide gels and staining the proteins with Coomassie dye. (6, 7) . In our spoVG-BTK construction, the developmental timing was retained, but the effects of spoOA and spoOH mutations were largely lost. Perhaps this functional separation is somehow a reflection of the moderate-to-low copy number of the cloning vector. Alternatively, the lack of effect for the spoOA12 allele may be explained by some residual spoOA gene product (7) . Similarly, the spoOH81 allele may code for an altered sigma factor, but is not a null mutation (8 
